Background The best treatment of giant cell tumor of the sacrum is controversial. It is unclear whether adjuvant treatment with intralesional surgery reduces recurrences or increases morbidity. Questions/purposes We therefore asked whether adjuvants altered recurrence rates and complications after intralesional surgery for sacral giant cell tumors. Methods We retrospectively studied 31 patients with sacral giant cell tumors treated with intralesional surgery with and without adjuvants. Survival to local recurrence was evaluated using Kaplan-Meier analysis. The differences in survival to local recurrence with and without adjuvants were evaluated using multivariate Cox regression analysis. Complications were recorded from clinical records and images. The minimum followup was 36 months (median, 108 months; range, 36-276 months).
Introduction
The sacrum is the most common location of giant cell tumor in the axial skeleton and the third most common location after the knee and the radius [5, 8, 32, 35, 43] . Sacral giant cell tumors usually develop in an eccentric position but commonly extend to involve both sides of the midline [25] and into the presacral space [25, 26] . There is usually a thin cortical rim, which the soft tissue mass can break through. In addition, these tumors have the propensity to cross the sacroiliac joints and intervertebral discs, which is unusual for many other spinal lesions and is a useful distinguishing feature of giant cell tumors [32] . Although generally considered a benign tumor, 5% to 10% are reportedly malignant, many of which are believed to be related to previous radiation therapy [5, 25, 26, 35, 43] . One to 9% of giant cell tumors metastasize to the lungs although the primary lesion is considered histologically benign [16] .
The standard treatment for a giant cell tumor is aggressive curettage followed by adjuvant phenol, hydrogen peroxide, liquid nitrogen or argon beam therapy, and bone grafting or cementation [10, 15-17, 20, 21, 23, 24, 27] or wide excision [1, 3, 30, 31, 33, 36, 37] . Total or partial en bloc sacrectomy can enhance local tumor control and overall patient survival despite potential complications and neurologic dysfunction [37, 44] . Total sacrectomy is indicated when a malignant or aggressive benign lesion involves the proximal sacrum with anterior extension [6, 13, 18] . Partial sacrectomy is used for tumors with substantial involvement of the sacrum below the S2 segment because it can usually be resected with wide margins and allows patients to maintain bowel and bladder control without the need for lumbopelvic reconstruction. If complete resection cannot be easily achieved, preoperative or serial arterial embolization [10, 15, 17, 21, 24] , intralesional curettage [16, 20, 27] , cryosurgery [20, 27] , or radiation therapy [16, 23] are alternatives. However, the best treatment for giant cell tumor of the sacrum is controversial and the role of adjuvant treatments is unclear [23] . Is recurrence different after adjuvant treatments and intralesional surgery or does it just add morbidity? The answer to this question is unclear perhaps in part because no single institution has a large experience with these uncommon tumors [23, 43] .
We therefore asked whether adjuvants altered recurrence rates and complications after intralesional surgery for sacral giant cell tumors.
Patients and Methods
We retrospectively studied the medical records of 31 patients with giant cell tumors of the sacrum that were treated with intralesional surgery and adjuvant treatments at two institutions between 1986 and 2006. There were 22 females and nine males with a mean age of 29 years (range, 14-68 years). The tumor involved the S1 vertebra in 25 of the 31 patients: S1 in five, S1-S2 in five, S1-S3 in six, S1-S5 in nine, S2-S5 in four, and S3-S5 in two. In the remaining six patients, S1 was not involved. According to Enneking's classification for benign bone tumors [11] , 30 patients were classified as Enneking Stage 3 and one as Enneking Stage 2. No patients had lung metastases at presentation or multicentric tumors. Previous treatments included intralesional surgery in four patients and intralesional surgery with preoperative radiation therapy in one (Appendix 1; Supplemental materials are available in the online version of CORR). One patient (Patient 14) died 14 days after surgery as a result of a massive pulmonary embolism. The minimum followup of the surviving 30 patients was 36 months (median, 108 months; range, 36-276 months) . No patients were lost to followup; all patients gave written informed consent and were included at the latest evaluation for the purpose of this study. This study has been approved by the Institutional Review Board/Ethics Committee of the authors' institutions.
Radiation therapy was administered preoperatively in one patient (total dose 47.5 Gy) and postoperatively in 20 patients (36-56 Gy). Initially, it was our practice to use radiation therapy as adjuvant treatment in every patient with a giant cell tumor of the sacrum to improve local control after surgery. However, this was reconsidered for the latest 10 patients given reports suggesting these treatments did not influence recurrences [23] and the possibility of radiation-induced sarcomas [4] . Preoperative selective arterial embolization was performed in 23 patients; in three of these patients, repeat embolization was performed because of the high vascularity of the tumors. Embolization was performed to reduce intraoperative blood loss and surgical field bleeding to improve curettage. The treatment plan was to perform preoperative selective embolization on all patients when possible. Embolization was not performed in cases in which angiography showed the lesion was not amenable to embolization because of insufficient vascular pathology of the tissue.
In all patients, we curettaged the lesion through an anterior (one patient), posterior (15 patients), or combined (15 patients) approach. Although our typical approach for intralesional sacral surgery was posterior, we used an anterior approach in patients with aggressive tumors and anterior extension. Through the anterior approach, we were able to ligate the hypogastric, internal iliac, and tumor vessels and separate the tumor from the rectum. Through the posterior approach, we used wide laminectomy and complete curettage with a curette and high-speed burr. The sacral nerve roots were identified and preserved. The S1 and S2 nerve roots are large and easy to identify and preserve; substantial and well-defined neurologic deficits from injury of the L5-S2 nerve roots were classified as major neurologic deficits. The S3 and S4 nerve roots are smaller and more difficult to identify and preserve; S3-S4 neurologic deficits including pain and hypesthesia in the outer perianal region and the penis or labia and inner perianal pain and hypesthesia are subtle and were classified as minor neurologic deficits.
We used phenol in 14 patients, liquid nitrogen in one patient, and both in two patients (Appendix 1; Supplemental materials are available in the online version of CORR). Phenol and liquid nitrogen were applied as hemostatics during intralesional surgery to control bleeding and improve curettage. In cases in which close proximity of the sacral nerve roots was identified, neither phenol nor liquid nitrogen was applied.
Postoperative management included bed rest for 3 to 6 weeks, analgesic administration, and progressive mobilization of the patients, as tolerated. We attempted to mobilize the patients as soon as possible to prevent immobilization-related complications such as deep venous thrombosis and urinary infections. At discharge from the hospital, all patients were functionally independent; a spinopelvic brace or ankle and foot orthosis was not used in any of the 31 patients.
Followup routine evaluation was performed every 3 months for the first 3 years, every 6 months for the next 2 years, and then annually. Each followup evaluation included inquiry for sexual dysfunction; clinical examination of motor, sensory, bladder, and bowel deficit; and imaging evaluation, including CT scan and MRI of the pelvis. CT scan of the chest was performed annually. Intraoperative and postoperative complications were recorded. A complication was considered major if it was life-threatening or associated with L5-S2 neurologic deficits; minor was considered a nonlife-threatening complication or S3-S4 neurologic deficits.
We determined the patients' survival after intralesional surgery with and without adjuvant treatments using the Kaplan-Meier analysis [19] with local recurrence as an end point. The differences in survival to local recurrence by additional treatment (with and without radiation therapy, preoperative selective arterial embolization, and local adjuvants) were estimated using the multivariate Coxregression analysis; we used this analysis because we were simultaneously evaluating the effect of three variables on survival. The hazard represented the risk or probability of reaching the end point (eg, local recurrence or death) at a particular time [34] . The patient (Patient 14) who died postoperatively from a massive pulmonary embolism was excluded from the survival analysis.
Results
Overall survival to local recurrence was 90% (27 patients) at 60 and 120 months ( Fig. 1 ). Three patients (10%) had local recurrence that was observed within 34 months from initial treatment. No patient developed metastases during the period of this study. At 60 and 120 months followup, survival to local recurrence after intralesional surgery was 91% with radiation therapy and 89% without radiation therapy (Fig. 2) , with and without preoperative selective arterial embolization was 91% and 86%, respectively Fig. 1 A graph showing the overall survival to local recurrence. The overall survival to local recurrence was 90% at 60 and 120 months. (Fig. 3) , and with and without local adjuvants was 88% and 92%, respectively (Fig. 4) . Although our data were limited for comparison of adjuvants treatments as an adjunct to surgery, and we did not control for confounding factors such as tumor volume, size, and aggressiveness, we found radiation therapy, preoperative selective arterial embolization, phenol, and liquid nitrogen had no influence on local recurrence ( Table 1) .
Two of the 31 patients (6%) died. One patient (Patient 14) died 14 days postoperatively from a massive pulmonary embolism and a second patient (Patient 12) who had radiation therapy subsequently died of a high-grade sarcoma. This patient had histologically proven local recurrence 34 months after intralesional surgery and radiation therapy (40 Gy), and repeat intralesional surgery and radiation therapy (30 Gy) was performed. Histologic Fig. 2 A graph showing the survival to local recurrence with and without radiation therapy. The survival to local recurrence with and without radiation therapy was 91% and 89%, respectively, at 60 and 120 months (95% confidence interval: 0.064-8.605). Fig. 3 A graph showing the survival to local recurrence with and without preoperative selective arterial embolization. The survival to local recurrence with and without preoperative selective arterial embolization was 91% and 86% at 60 and 120 months, respectively (95% confidence interval: 0.068-8.449). sections of the biopsy specimen from the secondary tumor and the metastases showed a high-grade sarcoma.
Fifteen of the 31 patients (48%0 had a perioperative complication. Eight patients (26%) had wound complications; two of these patients had minor wound dehiscence that did not require operative intervention and were treated with wound dressing changes, and six patients had major wound dehiscence that required wound revision. Seven patients (23%) had life-threatening massive bleeding during curettage with hemodynamic instability; in one of these patients (Patient 22), the operation had to be discontinued because intraoperative hemorrhaging was difficult to control by the anesthesiologists. This patient was reoperated on after 7 days. No patient developed cerebrospinal fluid leakage, pelvic instability, or infection. The number of patients with L5-S2 neurologic deficits decreased from seven of 31 (23%) preoperatively to four of 31 (13%) postoperatively. The number of patients with S3-S4 neurologic deficits increased from five of 31 (16%) preoperatively to 10 of 31 (33%) postoperatively.
Discussion
The best treatment of sacral giant cell tumors is controversial [23] . Many authors have reported intralesional surgery with and without radiation therapy, preoperative or serial selective arterial embolization, phenol or liquid nitrogen, bisphosphonates, and denosumab with variable results [1, 7, 16, 17, 21, 23, 24, 31, 35, 37, 40, [42] [43] [44] ; in these studies, local recurrence rates were 20% to 43% [16, 17, 20, 21, 23, 27, 43] compared with 8% to 30% in other location [3, 5, 22, 23, 30, 33] , and morbidity was substantial [2, 5, 6, 9, 13, 18, 23, 29, 41] . We performed this study of a relatively large number of patients with Stage 2 and 3 giant cell tumors of the sacrum and long-term followup to determine local recurrence rates and complications after intralesional surgery with and without adjuvant treatments, including radiation therapy, preoperative selective embolization, and phenol and liquid nitrogen.
We acknowledge several limitations. First is the lack of a control group of patients treated by wide resection that, although it is associated with substantial functional deficits, has consistently given better tumor control than curettage [5, 28, 39] . Second, perhaps given the relatively small sample size, we found no difference in survival to local recurrence with and without adjuvants; we acknowledge Fig. 4 A graph showing the survival to local recurrence with and without local adjuvants, including phenol and liquid nitrogen. The survival to local recurrence with and without local adjuvants, including phenol and liquid nitrogen, was 88% and 92% at 60 and 120 months, respectively (95% confidence interval: 0.153-20.180). the possibility of a Type II error. Third, when considering differences without and with adjuvants, we did not control for confounding variables such as how much tumor was left and the size and aggressiveness of the tumors that potentially could have influenced treatment choice and outcome. We presume the surgeons added adjunctive treatments to curettage when the size and stage of the tumor were increased, and almost all of these tumors are large, Stage 3, and difficult to access in the sacrum. Our exploratory regression analysis was intended to assess the differences in survival to local recurrence by additional treatment (with and without radiation therapy, preoperative selective arterial embolization, and local adjuvants) but in a mixed group of patients. Larger studies may determine some of these variables are influential. Fourth, we had no data on blood loss and numbers of transfusions, so we cannot say whether preoperative embolization reduced either.
Previous studies have reported survival to local recurrence after curettage, radiation, and embolization for sacral giant cell tumors ranging from 57% to 80% (Table 2) [16, 17, 20, 21, 23, 27, 43] . Radiation is typically combined with surgery for large sacral giant cell tumors [12, 14, 23, 38, 43] . Given the high vascularity and morbidity associated with surgical resection and/or radiation therapy, preoperative embolization provides for tumor devascularization and low local recurrence [10, 17, 21, 45] . Typically, surgery should be performed within 24 to 48 hours after embolization to prevent recanalization [45] . In this series, the overall survival to local recurrence was 90% at 60 and 120 months and the local recurrence rate was 10%. We used radiation therapy in 21 patients and preoperative selective arterial embolization in 23 patients. Although we did not control for variables such as the volume, size, and aggressiveness of the tumors, of the factors we studied, none influenced the risk of local recurrence. This could be explained by the adequate exposure and approach and aggressive curettage performed. In our common practice, phenol and liquid nitrogen are applied as hemostatics during intralesional surgery to control bleeding and improve the curettage. In cases in which close proximity of the sacral nerve roots was identified, neither phenol nor liquid nitrogen was applied.
Intralesional surgery, partial and total sacrectomy are associated with substantial complications, including pelvic instability [6, 9, 13, 18] , wound healing problems, infection, hemorrhage as well as vascular and visceral injuries [9] and necessitate sacrifice of sacral nerve roots, leading to motor deficits and bowel, bladder, or sexual dysfunction. Preserving both S1 nerve roots is important for maintaining the patient's normal gait and foot plantar flexion. Patients with bilaterally preserved S2 nerve roots will retain bowel and bladder function, but if only one S2 nerve root remains, bowel and bladder function will likely be lost [2, 29, 41] . However, if the sacral nerve roots are preserved, there is greater potential for leaving microscopic disease after gross excision and curettage. In this series, major neurologic preoperative deficits from tumor involvement of the L5-S2 nerve roots postoperatively improved because the L5-S2 nerves have large, easily identified nerve roots and are protected and preserved during curettage. Conversely, minor neurologic deficits increased postoperatively because Intralesional surgery with and without postoperative radiation therapy, selective arterial embolization, phenol and liquid nitrogen distal roots (S2-S4) are more difficult to identify and preserve during curettage. Because we prefer the morbidity associated with an initially more aggressive surgical approach compared with the morbidity of possible local recurrence necessitating retreatment, we only recommend partial sacrectomy with wide margins for rare, small, distal giant cell tumors of the sacrum. Radiation therapy can have possible deleterious effects, including late pathologic fractures, fibrosis, neuritis, and radiation-induced sarcomas [4, 14, 23, 38, 43 ]. An incidence of 10% of radiation-induced sarcomas has been reported after radiation for sacral giant cell tumors [23] . One patient had radiation therapy and died of a high-grade sarcoma during this study; although we cannot ensure the sarcoma was radiation-induced, we recommend avoiding radiation to eliminate the risk of radiation-induced sarcomas [4] . Eight patients had wound healing problems with six of them requiring wound revision; seven patients had massive intraoperative bleeding with hemodynamic instability. Although we found no influence of preoperative embolization on recurrence, we recommend preoperative embolization for highly vascular tumors to reduce intraoperative blood loss despite our lack of data on blood loss and transfusions. Although our study has limited power owing to small numbers and uncontrolled variables, the data suggest adjuvants do not change the likelihood of local recurrence when combined with intralesional surgery. The complication rate was high in this group of patients although the survival to local recurrence was high at 120 months.
